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ABSTRACT
We describe a moderate-resolution (20–25 km s−1) FUSE study of the low-redshift intergalactic
medium. We report on studies of 7 extragalactic sightlines and 12 Lyβ absorbers that correspond
to Lyα lines detected by HST/GHRS and STIS. These absorbers appear to contain a significant fraction
of the low-z baryons and were a major discovery of the HST spectrographs. Using FUSE data, with 40
mA˚ (4σ) Lyβ detection limits, we have employed the equivalent width ratio of Lyβ/Lyα, and occasion-
ally higher Lyman lines, to determine the doppler parameter, b, and accurate column densities, NHI, for
moderately saturated lines. We detect Lyβ absorption corresponding to all Lyα lines with Wλ ≥ 200
mA˚. The Lyβ/Lyα ratios yield a preliminary distribution function of doppler parameters, with mean
〈b〉 = 31.4±7.4 km s−1 and median 28 km s−1, comparable to values at redshifts z = 2.0−2.5. If thermal,
these b-values correspond to THI ≈ 50, 000 K, although the inferred doppler parameters are considerably
less than the widths derived from Lyα profile fitting, 〈b/bwidth〉 = 0.52. The typical increase in column
density over that derived from profile fitting is ∆log NHI = 0.3 but ranges up to 1.0 dex. Our data
suggest that the low-z Lyα absorbers contain sizable non-thermal motions or velocity components in the
line profile, perhaps arising from cosmological expansion and infall.
Subject headings: intergalactic medium — quasars: absorption lines — ultraviolet: galaxies
1. INTRODUCTION
Since the discovery of the high-redshift Lyα forest over
25 years ago, these abundant absorption features in the
spectra of QSOs have been used as evolutionary probes of
the intergalactic medium (IGM), galactic halos, large-scale
structure, and chemical evolution. The Hubble Space Tele-
scope (HST/FOS) Key Project on QSO absorption sys-
tems found that Lyα absorbers persist to low redshift in
surprisingly large numbers (Bahcall et al. 1991; Morris et
al. 1991; Jannuzi et al. 1998; Weymann et al. 1998). In
this paper, we assume that the Lyα (and Lyβ) lines are
intergalactic. Richards et al. (1999) discuss the possibility
that some C IV absorption systems could be intrinsic to
the AGN or ejected at relativistic velocities.
The Colorado group has used HST to conduct a major
survey of Lyα absorbers at low redshift (z ≤ 0.07) along 15
AGN sightlines, using the moderate-resolution (19 km s−1)
GHRS spectrograph (Stocke et al. 1995; Shull, Stocke, &
Penton 1996; Penton et al. 2000a,b). Additional moderate-
resolution HST/STIS data along 13 sightlines were taken
during HST cycle 7. These observations measured Lyα
absorbers down to equivalent widths of 10–20 mA˚ and
determined distributions of the low-z Lyα absorbers in
H I column density for 12.3 < logNHI < 14.0 and in line
width for 15 < bwidth < 100 km s
−1 (Penton et al. 2000b).
The distribution function, dN/dNHI ∝ N
−1.80±0.05
HI , to-
gether with photoionization corrections suggest (Shull et
al. 1999a) that the low-z Lyα forest may contain a signif-
icant fraction of the baryons predicted by nucleosynthesis
models of D/H (Burles & Tytler 1998).
However, a precise baryon census in the low-z IGM re-
quires measurements of the true doppler parameter, b, to
obtain accurate column densities in saturated Lyα lines
with log NHI ≥ 13.5. Measurements of Lyβ or higher Ly-
man lines are needed to constrain the degree of saturation
through a curve-of-growth (COG) analysis. Indeed, recent
ORFEUS studies (Hurwitz et al. 1998) of Lyβ/Lyα ratios
in two absorbers toward 3C 373 suggest that b is less than
the line width determined from Lyα profile fitting.
With the goal of characterizing the distribution of b-
values and measuring accurate H I columns, we conducted
a FUSE mini-survey of Lyβ absorbers toward 7 AGN with
well-known Lyα lines. The FUSE mission and its capa-
bilities are described by Moos et al. (2000) and Sahnow
et al. (2000). In § 2 we describe our FUSE Lyβ observa-
tions. We also compare simple COG (Lyβ/Lyα) estimates
of b with single-component fits to (HST) Lyα lines to un-
derstand the kinematic structure of the low-z absorbers.
In § 3 we present our conclusions and give directions for
future work on the IGM baryon content, line kinematics,
and temperature.
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22. FUSE OBSERVATIONS AND DATA ANALYSIS
Our observations were obtained with the FUSE satel-
lite from 1999 September to November during the com-
missioning phase. Because the initial FUSE observations
were taken with relatively long durations (16–49 ksec) we
were able to obtain reasonable signal-to-noise ratios (S/N
≈ 15–20) in the LiF channels. The SiC channels had lower
S/N and were not available for all targets. The spectral
resolution was generally 20–25 km s−1, based on an anal-
ysis of narrow interstellar lines of H2, Ar I, and Fe II in
our H2 mini-survey (Shull et al. 2000).
Our FUSE Lyβ mini-survey consisted of 7 AGN cho-
sen from targets for which the Colorado group had pre-
viously obtained HST spectra with GHRS/G160M or
STIS/E140M. Our three GHRS targets and full line lists
are: H1821+643 (Savage, Sembach, & Lu 1995; Tripp,
Lu, & Savage 1998; Penton et al. 2000a), ESO 141-G55
(Sembach, Savage, & Hurwitz 1999; Penton et al. 2000a),
and PKS 2155-304 (Shull et al. 1998; Penton et al. 2000a).
Data on our four STIS targets (Mrk 876, PG 0804+761,
VII Zw 118, and Ton S180) will be published separately.
From these 7 targets, we chose 12 strong Lyα absorbers
with rest-frame equivalent widths Wλ > 200 mA˚ and rel-
atively simple line profiles. Each of the Lyα lines had a
detectable Lyβ counterpart, and in several cases we de-
tected higher Lyman series lines. Figure 1 shows three ex-
amples: the 5512 km s−1 Lyβ absorber toward Ton S180;
the z = 0.225 Lyδ absorber toward H1821+643; and the
10,463 km s−1 Lyβ absorber toward ESO 141-G55. Al-
though PKS 2155-304 contains several strong Lyα lines
near cz = 17, 000 km s−1, their line blending is sufficiently
complex that we did not include them in the survey. For
the 12 chosen lines, we measured equivalent widths by
gaussian profile fitting, using standard FUSE pipeline soft-
ware. Assuming a single-component curve of growth, we
used the concordance of the Lyβ/Lyα ratios (or higher
Lyman lines) to derive b and NHI. After minimizing the
χ2 of our fits to NHI and b, we constructed ∆χ
2 contours
to define confidence regions for these inferred quantities.
The error bars on NHI and b represent single-parameter
68% confidence intervals for each component and assume
that the true line shape is well represented by a single-
component, doppler-broadened line.
If Lyα and Lyβ are unsaturated, their equivalent widths
are WLyαλ = (54.5 mA˚)N13 and W
Lyβ
λ = (7.37 mA˚)N13,
where NHI = (10
13 cm−2)N13. Thus, weak absorbers
should have a ratio Lyβ/Lyα = 0.135, and saturation
gradually increases this ratio towards 1. Our typical
FUSE Lyβ detection limit of 40 mA˚ (4σ) corresponds to
log NHI ≥ 13.73. Our success in detecting Lyβ for all Lyα
lines with Wλ > 200 mA˚ is consistent with the relative
line strengths.
Table 1 lists the 12 lines in our survey, together with
Lyα velocities (cz) and line widths (bwidth) derived from
instrumentally corrected gaussian fits to the GHRS or
STIS Lyα profiles. Here, bwidth = 2
1/2σgauss, and b and
NHI are derived from the COG. Figures 2 and 3 show
COG concordance plots for two absorbers in Fig. 1. Not
including the broad, blended line at 16,203 km s−1 to-
ward PKS 2155-304, the FUSE distribution has mean
〈b〉 = 31.4 ± 7.4 km s−1 and median 28 km s−1, com-
parable to the values, 〈b〉 = 27.5 ± 1.3 km s−1 and me-
dian 26.4 km s−1, measured in the z = 2.0–2.5 Lyα forest
(Rauch et al. 1993). If thermal, these b-values correspond
to THI = mHb
2/2k ≈ 50, 000 K, a temperature higher
than values predicted from models of low-metallicity Lyα
clouds (Donahue & Shull 1991), heated and photoion-
ized by the AGN metagalactic background. These mod-
els predict temperatures and doppler parameters, conve-
niently approximated by T = (24, 300 K)(U/0.01)0.152
and b = (20 km s−1)(U/0.01)0.076. The doppler param-
eter scales weakly with the photoionization parameter
U = nγ/nH ≈ (0.005)J−23(10−5 cm−3/nH). Here, U is
the ratio of ionizing photons to hydrogen nuclei for a spe-
cific intensity J0 = (10
−23 ergs s−1 cm−2 sr−1 Hz−1)J−23.
The doppler parameters inferred from Lyβ/Lyα are
considerably less than widths derived from Lyα profile-
fitting. The statistical average, 〈b/bwidth〉 = 0.52, sug-
gests that the Lyα and Lyβ line profiles are more complex
than single-component, doppler-broadened gaussians. The
widths of individual components must be less than the
COG-inferred b-values, a general principle exemplified by
the special case where N identical, well-separated gaus-
sians behave as a single one with a dispersion equal to Nb.
For each ensemble of components, the total column den-
sity derived from Lyα and Lyβ might be larger than the
true value, but not by a large factor (Jenkins 1986).
The Lyα absorbers could be broadened by cosmological
expansion, ∆v = (19.5 km s−1)(∆r/300 kpc)h65, across
spatially extended H I absorbers, as seen in numerical sim-
ulations (Weinberg, Katz, & Hernquist 1998). The profiles
could also be blends of velocity components arising from
clumps of gas falling into dark-matter potential wells. If
these clumps are sufficiently massive to be gravitationally
bound, the velocity components may represent small-scale
power at ∆v < 100 km s−1 in the cosmological spectrum
of density fluctuations. We have seen spectral evidence
for such velocity components in the low-z Lyα absorbers
studied by HST/GHRS and STIS at 19 km s−1 resolution
and in their two-point correlation function, ξ(∆v) (Pen-
ton et al. 2000b,c). We have also verified, through optical
and 21-cm imaging, that some Lyα absorbers arise within
small groups (van Gorkom et al. 1996; Shull et al. 1998).
With better statistics on the Lyα and Lyβ line widths
and doppler parameters, we should be able to constrain
the kinematics of the absorber profiles. A critical issue
is whether cosmological expansion or velocity components
are the dominant contributor to line broadening. Recent
numerical simulations of the low-z Lyα forest (Dave´ et al.
1999) suggest that both effects are important.
3. CONCLUSIONS AND DISCUSSION
First and foremost, FUSE has identified the low-redshift
Lyβ forest. Lines between 1216 A˚ and (1216 A˚)(1 + zem)
with no clear identification are often labeled as Lyα. The
FUSE detection of their Lyβ counterparts makes these
identifications conclusive. We have used the COG con-
cordance of Lyβ/Lyα equivalent widths, and occasionally
higher Lyman lines, to derive reliable values of b and NHI
for the stronger, saturated lines (Wλ > 200 mA˚). Our ma-
jor findings are: (1) The doppler parameters from single-
component COG fits to Lyβ/Lyα equivalent widths are
considerably less than those derived from line profile fit-
ting, with 〈b/bwidth〉 = 0.52; (2) We find 〈b〉 = 31.4 ± 7.4
3km s−1 (median 28 km s−1), similar to values at redshifts
z = 2.0–2.5; (3) Although these b-values correspond to
THI ≈ 50, 000 K, the low-z absorbers may contain non-
thermal motions or line broadening from cosmological ex-
pansion and infall.
Over its lifetime, FUSE will observe many AGN sight-
lines for the O VI, D/H, and AGN projects. This will
produce a large survey of Lyβ absorbers at z < 0.155
that we can use to characterize the distributions in b and
NHI in the low-redshift Lyβ forest. The distribution func-
tion, f(b), can be used to derive the IGM temperature
distribution and infer its equation of state (Schaye et al.
1999; Ricotti, Gnedin, & Shull 2000). With high-S/N
data and a flux-limited sample, we can search for the hot
baryons predicted by cosmological simulations (Cen & Os-
triker 1999a). These absorbers should appear in the high-b
tail of the distribution as broad, shallow absorbers.
Because Lyα lines with Wλ > 130 mA˚ (log NHI > 13.5)
appear to be saturated (Penton et al. 2000b), HST alone
cannot provide accurate column densities for the strong
Lyα absorbers that probably dominate the baryon content
and opacity of the low-z IGM. For lines in which b is well
determined, log NHI typically increases by 0.3 dex, and up
to 1 dex, compared to Lyα profile fitting. This increase,
which is greatest in the most saturated Lyα lines, means
that an even larger fraction of baryons may be found in
the low-z Lyα forest.
A full Lyβ survey will also provide a sample of high-
NHI absorbers which can be used to estimate the level
of metallicity in the low-z IGM (Shull et al. 1998; Cen
& Ostriker 1999b). As an illustration, we constructed
simple photoionization models using CLOUDY (Ferland
1996) that assume a specific ionizing intensity at 13.6 eV
of Jν = 10
−23 ergs cm−2 s−1 sr−1 Hz−1 (Shull et al. 1999b)
with Jν ∝ ν−1.8 and column density logNHI = 15. For to-
tal hydrogen densities (cm−3) of lognH = (−3,−4,−5),
a 20 mA˚ measurement of C III λ977 implies Z/Z⊙ =
(0.3, 0.15, 0.01). For lognH = (−5,−6), a 20 mA˚ mea-
surement of O VI λ1032 implies Z/Z⊙ = (0.015, 0.006).
Observations of C III λ977 will be especially useful, be-
cause they can be compared with C II and/or C IV to
obtain reliable ionization corrections.
This work is based on FUSE Team data obtained for the
Guaranteed Time Team by the NASA-CNES-CSA FUSE
mission operated by Johns Hopkins University. Finan-
cial support to U. S. participants has been provided by
NASA contract NAS5-32985. The Colorado group also
acknowledges support from astrophysical theory grants
from NASA (NAG5-7262) and NSF (AST96-17073), the
HST/COS project (NAS5-98043), and STScI grant GO-
0653.01-95A which supported the Lyα data analysis.
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4Table 1
FUSE Lyβ Lines1
AGN texp Lyα Velocity Wλ(Lyα) Wλ(Lyβ) logN
Lyα
HI
b
Lyα
width
logNHI b
(ksec) (km s−1) (mA˚) (mA˚) (cm−2) (km s−1) (cm−2) (km s−1)
ESO 141-G55 35.8 10,4632 354±11 164±40 14.06±0.03 49±3 14.57+0.25
−0.23 27
+5
−3
H1821+643 48.8 7342 298±20 90±30 13.93+0.05
−0.04
49±3 14.23+0.19
−0.18
27+8
−4
63,933 483±18 155±18 14.31+0.08
−0.06
49±2 14.43+0.07
−0.06
43+3
−3
67,4203 739±22 511±21 14.41±0.04 87±2 15.46+0.06
−0.05 45
+2
−1
Mrk 876 45.9 958 324±52 170±40 13.89±0.11 72±8 14.42+0.09
−0.13
26+6
−5
PG 0804+761 39.6 5565 329±18 90±30 13.94+0.03
−0.04
57±2 14.18+0.17
−0.24
32+26
−5
VII Zw 118 26.0 2463 355±35 110±50 14.01+0.13
−0.10 54±8 14.28
+0.27
−0.34 32
+49
−7
PKS 2155-304 37.1 5119 218±20 40±20 13.68+0.04
−0.05
82±5 13.76+0.22
−0.13
41+∞
−20
16,203 346±23 40±20 13.96±0.05 60±3 13.88+0.09
−0.03
98+∞
−44
TON S180 16.5 5512 271±16 71±15 13.82±0.04 58±2 14.05+0.12
−0.12 28
+9
−4
7025 236±17 65±40 13.72±0.04 67±3 14.03+0.32
−0.35
23+∞
−5
13,688 229±17 55±15 13.72±0.04 63±3 13.94+0.13
−0.18
25+22
−5
1Columns, left to right: (1) AGN sightline; (2) FUSE exposure time; (3) recession velocity (cz) relative to LSR; (4, 5) rest-frame Lyα
and Lyβ equivalent widths with 1σ uncertainties; (6) H I column density from fit of single-component, doppler-broadened and instrumentally
broadened Lyα profile; (7) instrumentally corrected Lyα line width and 1σ uncertainty; (8, 9) H I column density and doppler parameter,
based on Lyβ/Lyα equivalent width ratio (exceptions below). Uncertainties represent 68% confidence interval. FUSE observations of higher
Lyman series lines were also used in analysis of the following: H1821+643, cz = 7344 kms−1, Wλ(Lyγ) = 57± 30 mA˚; H1821+643, cz = 63933
kms−1, Wλ(Lyγ) = 62 ± 25 mA˚; H1821+643, cz = 67420 kms
−1, Wλ(Lyδ) = 212 ± 25 mA˚, Wλ(Lyǫ) = 139 ± 25 mA˚; Mrk 876, cz = 958
kms−1, Wλ(Lyγ) = 40± 20 mA˚.
2Associated Lyα absorber; Lyγ indicates two velocity components, separated by 70 km s−1
3Lyδ (Fig. 2) indicates two velocity components, separated by 70 km s−1
5Fig. 1.— FUSE spectra of three absorbers toward targets Ton S180 (Lyβ in 5512 km s−1 absorber), H1821+643 (Lyδ in z = 0.225 absorber),
and ESO 141-G55 (Lyβ in 10,463 km s−1 absorber). The H1821+643 Lyδ absorber shows two components separated by 70 km s−1.
6Fig. 2.— COG concordance plot in b and NHI for Lyα (271± 16 mA˚) and Lyβ (71± 15 mA˚) at cz = 5512 km s
−1 toward Ton S180. Three
curves for each line show single-component, doppler-broadened COG fits to equivalent widths (±1σ errors).
7Fig. 3.— COG concordance plot (see Fig. 2) for absorber at z = 0.225 toward H1821+643. The curves of growth are based on rest-frame
equivalent widths for Lyα (739 ± 22 mA˚) and Lyβ (511 ± 21 mA˚) from HST/GHRS/G160M and for Lyδ (212 ± 25 mA˚) and Lyǫ (139 ± 25
mA˚) from FUSE.
